Object. Fully endoscopic microvascular decompression (E-MVD) of the trigeminal nerve was initially described more than 1 decade ago, but has not yet gained wide acceptance. The authors present the experience of their first 47 consecutive E-MVDs for trigeminal neuralgia (TN).
T he use of the endoscope has revolutionized anterior or ventral skull base surgery; first as an alternative to the microscope in transsphenoidal pituitary surgery, 10 and later allowing minimally invasive resections of lesions that are not accessible with a microscopic transsphenoidal approach, with expanded endonasal approaches to the planum sphenoidale, tuberculum sellae, and clivus. 19 However, use of the endoscope has not yet had a similarly transformative effect on lateral skull base surgery. The advantages of the endoscope over the microscope in cerebellopontine angle (CPA) surgery are the same that it enjoys in endonasal surgery: a panoramic view and unparalleled illumination. The challenges to endoscopic surgery in the CPA are 2-fold: 1) the delicacy of surrounding structures (the cranial nerves, brainstem, and cerebellar hemispheres contrasted with the nasal cartilage, bone, and mucosa); and 2) the lack of a natural access corridor (a potential space lateral to the cerebellar hemisphere contrasted with the aerated sinonasal cavity).
Some of the advantages of endoscopic surgery can be obtained in the CPA by using a hybrid or endoscopeassisted approach. 5, 22, 23 Endoscope-assisted techniques require both a conventional microscope and an endoscope. One main disadvantage of endoscope-assisted surgery, however, is that this type of surgery usually relies on the surgeon holding the endoscope in one hand and manipulating neuroanatomy with the other. We believe that endoscope-assisted microsurgery is a valuable adjunct in lateral skull base surgery, but the one-handed surgeon is fundamentally restricted in dexterity. Thus, it is only by placing the endoscope on a holding arm that true bimanual, panoramic CPA surgery can be performed. The senior surgeon (J.Y.K.L.) has thus developed a technique for safe, efficient, and fully endoscopic microvascular decompression (E-MVD) of the trigeminal nerve. 7, 13 We present the results for the first 47 consecutive patients treated with E-MVD of the trigeminal nerve for trigeminal neuralgia (TN). We review our surgical technique as well as short-term results including surgical complications and medium-term outcomes in facial pain measured with a validated facial pain instrument.
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Methods
Data Collection
All patients undergoing MVD performed by the senior author were enrolled prospectively in an outcomes database. Long-term follow-up was obtained via telephone questionnaire for patients. Patients were assessed using the Brief Pain Inventory (BPI)-Facial, an 18-point validated scale, 3 times throughout their treatment; preoperatively at baseline, a short-term follow-up (within 3 months postoperatively of surgery), and a long-term follow-up (between 6 months and 3 years postoperatively). The BPI-Facial is an adapted version of the BPI, created by the senior author with 7 questions that pertain to specific facial interference. The electronic medical record was retrospectively reviewed to add clinical information to the database. The institutional review board at the University of Pennsylvania approved this study. Short-term results for a subgroup of the patients in this study have been previously reported.
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Patient Selection
All patients had clinically diagnosed TN and underwent surgery at Pennsylvania Hospital (University of Pennsylvania Health System).
Surgical Technique
General MVD Technique. The patient's positioning and opening are similar to previously described techniques, and only key aspects of the procedure specific to fully endoscopic surgery will be reviewed.
17 All operations are performed after induction of general anesthesia. Prior to positioning, the patient's head is secured in a Mayfield clamp. The patient is positioned fully lateral, and neuronavigation is not necessary. In addition, lumbar drains or lumbar puncture are not used. Anatomical landmarks are identified both before skin incision and after muscle dissection and include the following: the tip of the mastoid process and the insertion of the posterior belly of the digastric muscle (approximate course of the sigmoid and transverse sinus). The digastric notch is a useful bony anatomical landmark, whereas the mastoid emissary vein is an inconsistent landmark. A single bur hole is placed, and this is expanded toward the junction of the sigmoid and transverse sinus. For a fully endoscopic procedure, a 1-cm-diameter "C"-or "U"-shaped dural incision is created (see Fig. 1 ). The dura mater is flapped toward the sigmoid sinus with a single stitch.
The first step in the procedure is to dissect the arachnoid and release CSF. Careful, steady, gentle retraction of the cerebellum with a cottonoid patty allows for gradual CSF egress, especially once the medial CPA cistern arachnoid or cerebellomedullary cistern arachnoid is opened. A brain retractor is never used for this surgery because it leads to focal cerebellar ischemia and serves as a physical barrier to restrict movement in an already crowded space. The trigeminal nerve is then identified, inspected, and decompressed. When vascular compression was identified, a Teflon pledget was placed between the vessel and the trigeminal nerve after carefully dissecting the arachnoid around the vessel to fully mobilize it. In cases in which no obvious vascular compression is identified, or in which the compression is primarily venous without significant nerve distortion, an internal neurolysis is performed with a round knife without nerve section. 16 The dura is closed in a watertight fashion, supplemented with muscle autograft as necessary. The bone is closed either with titanium plate or bone cement, and appropriate layers are closed. Patients stay in the hospital for 2 days on average, and postoperative imaging is not necessary.
Specifics of E-MVD.
An endoscope holder is used to allow bimanual dexterity, to stabilize the endoscope to prevent unintended injury of the surrounding neurovascular structures, and to allow adjustment of trajectory throughout the case. A Mitaka Pneumatic Arm (Mitaka Kohki Co.), which is firmly secured to the bed, was used for all cases. 9 We generally use a 2.7-mm outer diameter offset endoscope (Storz). The smaller diameter of this endoscope as opposed to the standard 4-mm sinus endoscope maximizes the available working space for the other instruments, minimizing both instrument clash and brain retraction. A high-definition camera (1080 pixels) and screen are used to maximize image quality. Light intensity is kept to 25%-50% on the Storz system to minimize the possibility of thermal injury to adjacent neural structures, and no irrigating sheath is used.
Further details of our surgical technique have been previously published. 13 Instrument and endoscope clash in the limited confines of the CPA represent the major technical challenge to E-MVD, in our experience. By maintaining a strict triangle in the introduction and placement of endoscope and right-and left-hand instruments, the confusion and conflict of instruments within the tight confines of the CPA is minimized. The endoscope is parked at the apex of the visualization triangle, usually along the petrous dura/temporal bone/sigmoid sinus. The endoscope must be located at the apex of the triangle both proximally (dura) as well as distally (petrous temporal bone). There is both a distal and a proximal triangle. At the entrance of the cerebellar convexity dura, the endoscope must be at the apex at "12 o'clock," so that instruments can be passed underneath the endoscope along the cerebellar folia surface at "5 o'clock" and "7 o'clock." Next, there is a distal triangle, which is visualized on screen. Of note, when working closely on the trigeminal nerve, some portion of the eighth cranial nerve is always kept in view when "parking" the endoscope. This allows instruments to be introduced under the endoscope without the need of other adjuncts such as a micromanipulator. By visualizing where the instruments should appear within the field before they arrive on screen and by confirming that the instruments emerge at the appropriate position within the distal "triangle," conflicts are avoided. For example, if the endoscope is understood to be on the petrous face at the "12 o'clock" position, the left-handed 5-Fr suction should emerge on screen at "7 o'clock," and the bipolar/dissector should emerge on screen at "5 o'clock."
The majority of the initial surgery is performed with the 0° endoscope. The "triangle method" to fully endoscopic CPA surgery does allow excellent dissection at the base of the triangle, including the root entry zone of the cranial nerves. Indeed, there is no difficulty with dynamic retraction of the cerebellum using the left-handed suction and microdissection of the root entry zone with the right hand using standard microsurgical techniques. Indeed, a 30° medially (down) directed endoscope provides excellent visualization of the root entry zone of the facial nerve for hemifacial spasm. This technique eliminates any need for a retractor along the flocculus of the cerebellum. The triangle method, however, does make it difficult to perform the dissection distally along the trigeminal nerve out toward the Meckel cave. Although the classic teaching is that compression is located at the root entry zone along the Obersteiner Redlich zone, the senior author has identified venous compression distally as well as arachnoid distortion and displacement of the nerve in the distal location near the entrance into the Meckel cave. Curved instruments can be used to assist with dissection in this area.
Statistical Analysis
Statistical analyses were performed using Stata version 11.2 (Stata Corp.). Chi-square tests were used for categorical variables. For analysis of general and facial BPI values, for individual items, differences between the 2 groups were tested using the Wilcoxon rank-sum test for nonparametric measures. Within an individual factor or domain, the individual scores were summed and averaged for a mean score. Differences between the 2 groups were tested using a Student t-test for parametric measures.
Of note, because this is a short-term outcome study with only 15 months of follow-up time, we chose not to perform Kaplan-Meier statistics. Survival curves are best for studying the amount of time to an event (usually death). These curves have been applied to the field of pain in TN with the assumption that patients experience a certain amount of time to their event (recurrence of TN). Because our study did not have enough follow-up time to demonstrate a time to event, we chose to measure pain before surgery on a 0-10 scale by using the BPI-Facial, and then to measure pain after surgery at the last follow-up time by using the same BPI-Facial outcomes tool.
Results
Between September 2010 and July 2013, 105 patients underwent MVD performed by the senior author for cranial nerve disorders including TN, hemifacial spasm, geniculate neuralgia, and glossopharyngeal neuralgia at Pennsylvania Hospital. Only the 90 patients who underwent MVD for TN were included in this analysis. During this study period, 23 patients underwent MVD with a microscope only, and 9 underwent endoscope-assisted MVD. The remaining 58 patients underwent purely endoscopic MVD. This transition from MVD to E-MVD has been detailed in a prior paper from our group. 7 In the last full year, from August 2012 to July 2013 (representing 35 cases), microscopic MVD was only performed in 1 case because the endoscope-holding arm was not physically available. This absence was identified prior to the start of surgery. This study focuses purely on the patients who underwent endoscopic MVD and in whom follow-up data were available-47 of the 58 patients who underwent MVD.
The median age at surgery was 60 years (range 27-77 years). Thirty patients (64%) had right-sided symptoms, and no patients had bilateral symptoms in this series. Six patients (13%) had undergone prior interventional treatment for TN on the ipsilateral side. The majority of patients had V2 or V3 distribution of pain, or both, and 40 (85%) had Burchiel Type 1 TN. The median duration of symptoms prior to surgery was 5 years (range 1 month-27 years). Details of patient characteristics including prior treatments are provided in Table 1 .
Vascular compression was noted at surgery in 42 patients (89%). The superior cerebellar artery (SCA) was the most commonly identified single vessel, but other arteries, veins, and artery/vein combinations of compression were observed ( Table 2 ). The endoscope offered superb visualization of vascular compression (Figs. 2-4) . The median length of stay was 3 days (range 2-15 days). There were no perioperative deaths. Dizziness/unsteadiness without focal neurological signs was the most common complica- tion, occurring in 3 patients (6%), and other postoperative complications included severe headache and transient blurred vision, which was self-limited. One patient had significant hearing loss on the ipsilateral side to the MVD, and 1 patient had postoperative CSF leakage requiring lumbar drain placement but no additional surgery. The total permanent neurological morbidity rate was thus 2%. Complications are listed in Table 3 .
No fully endoscopic procedure was aborted because of instrumentation complications. In addition, no fully endoscopic procedure was converted to a microscopic procedure because of lack of visualization of instrumentation complications.
Preoperatively, 36 patients (77%) were using medications for neuropathic pain, and only 17 (36%) were using these medications at last follow-up (p < 0.0001). Of note, some of the patients remained on medications such as gabapentin for unrelated pain like radiculopathy. No attempt was made to separate this during the phone questionnaire. The mean length of follow-up for completion of the BPIFacial was 15 months (SD 8 months). Details of the BPIGeneral and BPI-Facial outcomes are given in Table 4 . Overall, 39 patients (83%) rated their pain as "Very Much Improved" or "Much Improved," and 44 patients (94%) had at least some improvement in their preoperative facial pain. The median patient-rated maximum pain intensity preoperatively (out of 10) was 10, which dropped to 0 at last follow-up (p < 0.0001). The mean self-rated reduction in pain intensity was 84%. The mean interference with global function scores was 6.2 preoperatively and reduced to 1.0 at last follow-up (p < 0.0001). The mean interference with facial function was 7.3 preoperatively and reduced to 1.2 at last follow-up (p < 0.0001).
Discussion
Microvascular decompression of the trigeminal nerve is the most durable and efficacious treatment for TN.
3 Under microscopic visualization, excellent clinical outcomes can be obtained, but using the operating microscope to visualize deep structures has limitations of light and visualization that frequently require a larger bony opening and may require increased retraction of the cerebellum and, thus, traction on the seventh, eighth, and lower cranial nerves. The endoscope offers superb panoramic visualization and illumination. Multiple groups have demonstrate that endoscope-assisted approaches (where the bulk of the procedure is done with the operating microscope but an endoscope is used to inspect the nerve before or after decompression) lead to increasing identification of vascular contact and compression, which were not appreciated with microscopy alone. 1, 4, 5, 8, 12, 18, 20, 23 However, using the endoscope in the CPA sacrifices binocular vision and is technically challenging, with its own learning curve.
First described in 2001 by Eby et al., 6 E-MVD has now been reported in several single-center series. 2, 7, 11, 21, 24 All report excellent safety and short-to medium-term functional results. The largest of these, by Kabil et al., reported results for 255 patients with a favorable 3-year success rate and a lower rate of complications when compared with published series of microscopic MVD.
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In this study we found no obvious vessel compression in as many as 10% of patients. In a classic paper (Barker et al.), Dr. Jannetta published his life's work. This paper described a series in which MRI was not used to base the decision to go to the operating room, and in which the operating microscope was used exclusively; 75% of the time the SCA compressed the trigeminal nerve and 10% of the time the anterior inferior cerebellar artery (AICA) compressed the nerve. However, a vessel was identified in all cases, although 19% were compressed by a small unnamed vessel. 3 In another modern-day microscopic surgery series ( 14 Thus, our findings in this study do not differ substantially from the range seen in prior studies.
One of the putative advantages of the endoscope as compared with the microscope is that hidden compression may be more easily identified. Indeed, Teo et al. report that in their series of endoscope-assisted MVDs they identified vascular compression in all patients with the aid of the endoscope. They report that in 8% of the cases no vessel was identified with the microscope but was identified with the endoscope. 23 In contrast to this study, a comparison between microscope and endoscope findings could not be performed in our study because the microscope was not draped or prepared for the procedure. One method in which this paper could have been strengthened is if a comparison between the 0° and 30° angled scope had been performed. Indeed, in this series the angled endoscope was frequently but not consistently used.
The selection of patients for conventional microscopic MVD versus E-MVD in this series represents a gradual transition from conventional to fully endoscopic by the senior author. Early in the series, the fully endoscopic procedure was easier to perform in 2 groups of patients: the elderly because their brain is more slack, and patients with a small petrous tubercle (suprameatal tubercle). By the end of this series virtually all patients underwent E-MVD. At present, the senior author performs E-MVD exclusively.
The use of the BPI-Facial is a relatively new method to measure pain outcomes in patients with TN. We have found it relatively easy to use with our patients, and it captures both pain intensity and interference with aspects of daily living. The questionnaire consists of 17 questions with a scale from 0 to 10 for each of the questions and is thus easy to administer. By applying the BPI-Facial measurement tool before intervention, this study raises the quality of study design in retrospective studies of pain outcomes. Prior studies of TN have only rarely attempted to measure pain before surgical intervention. In this study we measured pain before and after surgical intervention. In addition, in this type of short-term interim study with relatively short follow-up (15 months), we believe the degree of pain relief that our patients experience is captured in a quantitative manner. Obviously, longer-term studies will be necessary to see whether pain relief remains durable over time. Trigeminal MVD with the operating microscope has a long history, with excellent long-term results. The E-MVD procedure remains in its relative infancy, and we believe that these results suggest an excellent safety profile and medium-term functional results. Our study has multiple limitations, including retrospective collection of clinical data points and inconsistent length of followup. Moreover, all surgeries were performed by a highly experienced skull base surgeon who is comfortable with both the microscopic approach to MVD and endoscopic approaches in the ventral skull base, which may limit generalizability.
Conclusions
In experienced hands, E-MVD of the trigeminal nerve is safe and offers excellent clinical outcomes. Further study is needed to see if the advantages of visualization offered by the endoscope translate into superior clinical outcomes compared with traditional microscopic approaches for MVD. 
